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@ The present invention relates generally to a 
new apparatus and a method for a high- 
efFiciency in-situ vacuum particle detection. 
More particularly, the invention encompasses 
an apparatus for a particle detecting instrument 
designed to detect the presence of gas-bome 
particles in a vacuum line with high efficiency, 
using a sharply converging nozzle (10) to prefe- 
rentially aerodynamic focus the suspended par- 
ticles flowing through it into a small region (26) 
located on the nozzle axis within a few exit 
dimensions downstream from the nozzle exit. 
This focal region has a dimension much smaller 
than that of the nozzle exit, and is illuminated by 
a narrow, intense light beam. The particles 
passing through the illuminated focal region 
are detected by photodetector elements (19) 
receiving light scattered from the particles. A 
method and an apparatus (50) for high-effi- 
ciency in-situ particle separation and/or 
measurement is also disclosed. 
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FIELD OF THE INVENTION 

The present invention relates generally to an ap- 
paratus and a method for particle detection, and more 
particularly, the invention encompasses an appara- 
tus and a method for high-efficiency, in-situ particle 
detection and/or particle separation. This invention 
further relates to a particle measuring and counting 
system and, more particularly, to a particle measur- 
ing and counting system with an improved particle 
sensing means having special applicability for use in 
a vacuum line and semiconductor processing equip- 
ment. 

BACKGROUND OF THE INVENTION 

Instruments for measuring particles and/or sep- 
arating particles are utilized in an increasing number 
of situations. Perhaps the single largest field of use 
is in the semiconductor industry wherein cleanliness 
in fabricating semi-conductors is extremely impor- 
tant. For example, particle counters are utilized to 
monitor the number of particles in the so called clean 
rooms in which semiconductor manufacturing opera- 
tions are conducted. Clean rooms are usually classi- 
fied on the basis of the maximum number of particles 
of a given size permitted per volume of air. To meet 
specifications and maintain quality levels of the prod- 
uct being made, it is necessary to ensure that particle 
contamination is kept to an acceptable minimum re- 
quirement. 

The basic system utilized in most airborne partic- 
le counters transmits a sample air stream through a 
beam of light, which results in light energy being scat- 
tered by the particles. This energy is detected and 
measured by suitable optics and electronics. Signifi- 
cant improvements have been made in the optics and 
electronics employed for detecting and processing 
the scattered light signals. Also, the advent of lasers 
has greatly improved the quality and intensity of the 
illuminating light beam. 

In spite of these improvements, the accuracy of 
the data output from the instruments still leaves 
much to be desired. Tests also reveal other inaccur- 
acies, such as recirculating particles and appreciable 
discrepancies in absolute count correlation between 
different instruments. 

Others have addressed this particle detection 
problem by developing particle measuring systems, 
wherein the particles to be detected or measured are 
entrained in a fluid stream which is passed through a 
light beam, typically a laser light beam. As stated ear- 
lier, the particles passing through the beam will scat- 
ter light which is collected and focused on a photode- 
tector or photodetectors resulting in electrical pulses 
being generated. The intensity of the scattered light 
and, accordingly, the amplitude of the pulses gener- 
ated by the photo-detectors provide an indication of 



the particle sizes. 

In many systems, it is important to detect every 
particle in the entrained fluid stream. This need re- 
quires that the light beam pass through the entire 

5 cross sectional area of the fluid stream entraining the 
particles. When the fluid stream is a liquid stream, the 
conduit carrying the stream through the light beam is 
typically narrowed down to a small cross sectional 
area so that a high intensity beam can be caused to 

10 pass through the entire cross sectional area of the flu- 
id stream. When the fluid stream entraining the par- 
ticles is a gas stream of substantial density, the seed- 
ed gas stream is shaped by a nozzle into the form of 
the sheet and a laser beam is passed through the 

15 sheet-shaped stream along its long dimension as de- 
scribed,for example,in U.S. Patent No. 4,746,215 to 
Kenneth P. Gross. The nozzle in this device has a 
slowly varying cross-section that does not appreci- 
ably affect the ability of the suspended particles to 

20 closely follow the gas streamlines (i.e., no separation 
occurs between particles and the gas phase). How- 
ever, when the particles are in vacuum, as in semicon- 
ductor processing equipment, nozzles cannot readily 
be used to shape the stream into a sheet-like form. 

25 In addition, in order for the vacuum line to efficiently 
transmit a vacuum to the work area of the semicon- 
ductor processing, it is necessary for the vacuum line 
to have a substantial cross sectional area. Thus, the 
prior art particle detecting systems involving narrow 

30 conduits or nozzles for shaping the fluid stream have 
limitations which make them not fully satisfactory in 
detecting particles in a vacuum line such as that em- 
ployed in semiconductor processing equipment. 
In the manufacture of semiconductor and pack- 

35 aging devices using thin-film technology, one of the 
major yield detractors is defects caused by particle 
contamination on the thin-film surfaces. It is now 
known that a major proportion of such defects are 
caused by particle contamination generated within 

40 the process equipment or tools used to manufacture 
the thin-film devices, as disclosed by Bowling, R.A., 
et al., "Status and needs of in-situ real-time process 
particle detection," J. Environ. Sci., Vol. 32(5), pages 
22-27(1989). 

45 Much of the process equipment used in thin-film 

manufacture or in the semiconductor industry oper- 
ates at low pressures (e.g. RIE, PECVD). For these 
tools, in-situ particle monitors are more frequently 
being used to detect and control process-equipment 

50 related contamination, and are often mounted in the 
process chamber exhaust line. 

Presently, available vacuum line monitors gener- 
ally use light scattering to detect gas-borne particles 
flowing through a passage, a section of which is illu- 

55 minated by a laser beam perpendicular to the flow di- 
rection as discussed in Greenstein, D., et al., "Inves- 
tigating a Prototype In Situ Particle Monitor on the Ex- 
haust Line of a CVD Reactor," Microcontamination, 
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Vol. 3, pages 21-26 (1991) and Stern, J.E., et al., 
"Monitoring Downstream Particles in a Single- Wafer 
CVD Oxide Reactor," Microcontamination, Vol. 11, 
pages 17 -56 (1991). In these instruments, a single 
focused laser beam is used to illuminate a small por- 
tion of the flow passage cross-section. Only a very 
small fraction of the particles in the flow are illumin- 
ated and thus detected. The low detection efficiency 
(on the order cf 0.1 -3.0 percent) of such particle mon- 
itors often results in poor quality particle count stat- 
istics, thus making the monitor less useful for statist- 
ical process control (SPG) applications. 

There have been a number of attempts to resolve 
the problem of low detection efficiency. In one case 
a multiply reflected beam was used to create a light 
"sheet" or "net" which increased the illuminated area 
in the vacuum conduit, as disclosed by Borden, U.S. 
Patent No. 4,739,177. However, an independent 
study by Caldow, R., et al., "Performance of the High 
Yield Technology Inc. PM-100 In Situ Particle Flux 
Monitor," Aerosol Science Technology, Vol. 12, pages 
981-991 (1990), noted only a modest increase in ef- 
ficiency of a system, such as the one disclosed by 
Borden. Their results showed a 4.7 percent monitor 
counting efficiency for 6.0 micron particle size, while 
the efficiency for the 0.5 micron particle size was only 
0.1 percent, when a multiply reflected beam system 
made by High Yield Technology, the assignee of Bor- 
den's U.S. Patent No. 4,739,177, was used. 

A more recent device documented in U.S. Patent 
No. 5,092,675 to Sommer, uses a sheet of laser light 
to illuminate the entire cross-section area of the va- 
cuum conduit, by which means every particles flow- 
ing in the conduit may detected. This increase in the 
illuminated cross-section may, however, require las- 
ers of correspondingly higher power to maintain the 
minimum detectable particle size at current levels. 

Thus, further improvements in particle detectors 
or counters is needed. 

The invention disclosed herein also detects par- 
ticles by light scattering. However, the novel design 
utilizes a specially designed system that uses the 
light source, beam optics, photodetector elements 
and a unique nozzle design that aerodynamically fo- 
cuses most of the suspended particles in the fluid 
flow into a focal region whose cross-section is small 
in comparison to the nozzle exit area. The focal region 
is illuminated by one or more narrow, intense beams 
of light, preferably a focused laser beam, and thus a 
large fraction (estimated to be close to 100 percent) 
of the particles in the flow can be detected. The high 
particle detection efficiency that can be obtained with 
this new invention is well suited for many industrial 
applications, such as, the SPG applications. 

SUMMARY AND PURPOSES OF THE INVENTION 

The invention is a novel method and an appara- 



tus for detecting particles with high-efficiency and in- 
situ within a fluid flow. 

Therefore, one purpose of this invention is to pro- 
vide an apparatus and a method that will provide a 
5 high-efficiency, in-situ particle detection. 

Another purpose of this invention is to provide a 
particle detector that will work in vacuum with high- 
efficiency. 

Still another purpose of this invention is to pro- 

10 vide a particle detector that will work on-line in a sem- 
iconductor process. 

Yet another purpose of this invention is to provide 
a particle detector which has a variable nozzle to 
change the focal point of the particles that are being 

15 detected. 

Still yet another purpose of this invention is to 
provide a particle detector which has a slidable 
means to vary the distance between the nozzle and 
the light beam used for detecting the particles. 

20 In one aspect this invention comprises an appa- 

ratus for detecting particles flowing through a fluid 
conduit comprising in combination, a nozzle having at 
least one focusing means for aerodynamically focus- 
ing said particles into a focal region, wherein the 

25 cross-sectional area of said focal region is substan- 
tially smaller than the cross-sectional area of said fo- 
cusing means, at least one means for illuminating 
said focal region with at least one narrow beam of 
light, and at least one means for detecting light scat- 

30 tered by said particles illuminated by said light beam. 

In another aspect this invention comprises a 
method for detecting particles flowing through a fluid 
conduit comprising, 

(a) aerodynamically focusing particles to be de- 
35 tected with at least one focusing means into a fo- 
cal region, wherein the cross-sectional area of 
said focal region is smaller than the cross- 
sectional area of said focusing means, 

(b) illuminating said focal region with at least one 
40 narrow beam of light, such that said light is scat- 
tered by said particles in said focal region, and 

(c) detecting said light that is scattered by said 
particles which were illuminated by said light 
beam, and further including counting the number 

45 of particles in the focal region detected during the 

step of detecting. 

BRIEF DESCRIPTION OF THE DRAWINGS 

50 The features of the invention believed to be novel 

and the elements characteristic of the invention are 
set forth with particularity in the appended claims. 
The figures are for illustration purposes only and are 
not drawn to scale. The invention itself, however, both 

55 as to organization and method of operation, may best 
be understood by reference to the detailed descrip- 
tion which follows taken in conjunction with the ac- 
companying drawings in which: 



3 



5 



EP 0 618 440 A1 



6 



Figure 1 , illustrates a preferred fluid nozzle of this 
invention. 

Figure 2, is a schematic diagram of the preferred 

embodiment of the invention where the light beam is 
substantially transverse to the fluid flow through the 
nozzle. 

Figure 3, is a schematic diagram of another em- 
bodiment of the invention in which the light beam is 
substantially coaxial with the flow through the nozzle. 

Figure 4, is a schematic diagram of another em- 
bodiment of the invention illustrating an industrial 
process utilizing this invention. 

Figure 5 is a schematic diagram of another em- 
bodiment of the invention in which there is a collector 
for removing particles from the fluid stream. 

DETAILED DESCRIPTION OF THE INVENTION 

When operating the detection systems to deter- 
mine the number of particles in a fluid flow, such as 
gases or liquids, it is assumed that the particulates 
are suspended in the fluid. Typically, a gas or a liquid 
acts as a carrier to transport the suspended particles 
through the focus of a beam of light, such as a laser 
beam, that is used with the detection systems. The 
suspended particles scatter light that enables detec- 
tion and thereby provides an indication of some of the 
physical characteristics of the particulates, such as, 
size of the particles, the number of particles, etc. This 
detection of particles could be for a variety of rea- 
sons, such as, to see the number or size of the par- 
ticles being discharged into an environment or wheth- 
er the magnitude of contamination is greater than a 
predetermined threshold for the given process or en- 
vironment, to name a few. 

The preferred embodiment of the nozzle is shown 
in Figure 1. The sharply converging nozzle 10, has a 
nozzle housing 12, and capped with one or more up- 
per fixed or moveable nozzle plate 14, and one or 
more lower fixed or moveable nozzle plate 16. The 
housing of the nozzle 12, is preferably tubular, but it 
could be of any shape. The nozzle housing 12, has a 
nozzle opening or exit 15, preferably circular, to allow 
the fluid particles 11 and 13, to exit. For the purposes 
of illustration only fluid particles 11, would be some- 
times referred to as a carrier fluid or gas while the flu- 
id particles 1 3, wi II be referred to as particles to be de- 
tected or undesired particles or contaminants. 

The upper plate 14, is typically at an angle 4. This 
angle 4, can vary between 90-135 degrees depend- 
ing upon the process requirements. Similarly, the 
lower plate 16, is typically at an angle 6. This angle 6, 
can vary between 90-135 degrees depending upon 
the process requirements. For most operations it has 
been found that angles 4 and 6, should both be at 90 
degrees. 

The plates 14 and 16, could be of the same size 
or could be of a different size. Similarly, the plates 14 



and 16, could be rectangular or semi-circular or any 
other shape. Instead of the plates 14 and 16, the noz- 
zle 10, could be provided with a single plate 17, that 
has an exit or opening 15 preferably circular, for the 

5 passageof the fluid particles 11 and 13. Similarly, the 
plate 17, could have an opening 15, that can be var- 
ied, like an iris, to change the fluid flow characteris- 
tics. It is preferred that the angles 4 and 6, for the plate 
17, are at 90 degrees, but, for some applications it 

10 may be desired to change the angles 4 and 6. 

In a typical situation the fluid flow comprises one 
or more carrier fluids 11, that has one or more unde- 
sired particles 13, that have to be detected or count- 
ed. In a semiconductor process the carrier fluid 11 , is 

15 normally a gas, such as, nitrogen, helium, hydrogen, 
argon, oxygen, to name a few, or a mixture of gases, 
and the particles 13, are some contaminating partic- 
les that were introduced typically during the semicon- 
ductor manufacturing process. The particles 13, typ- 

20 ically have masses substantially larger than the car- 
rier gas molecules 1 1 . 

When the fluid comprising gas and contaminating 
particles passes through the focussing nozzle 1 0, the 
heavier particles 13, are separated from the lighter 

25 gas particles 11, in the resulting fluid or particle-gas 
jet. As more clearly illustrated in Figure 1, the fluid 
particles 11, converge as they approach the nozzle 
opening or exit 15, and then diverge soon after their 
passage through the opening 15, without undergoing 

30 significant compression. On the other hand, the sus- 
pended contaminating particles 13, also converge as 
they approach the nozzle exit or opening 1 5, but due 
to their larger momentum or inertia, they tend to retain 
their converging motion downstream of the nozzle 

35 opening or exit, and if sufficiently heavy, may even- 
tually cross the jet axis at a common focal point or fo- 
cal region 26. Unlike the fluid particles 11, the con- 
taminating particles 13, are very highly compressed 
in the focal region 26, resulting in a very high local 

40 particle concentration in that region. The fluid flow 
downstream of the nozzle is thus divided into a region 
23, enriched in particles 1 3, and in a region 21 , deplet- 
ed of particles 1 3, separated by an imaginary surface 
or region 20. In summary, the focussing nozzle 10, 

45 serves to preferentially funnel the heavier particles 
1 3, through the small focal region 26, without similar- 
ly restricting the lighter gas particles 11. 

A recent theoretical and experimental study by 
Fernandez de la Mora, J., Rossell-Llompast, J. and 

50 Riesco-Chueca, P. (1989) "Aerodynamic Focusing of 
Particles and Molecules in Seeded Supersonic Jets," 
from Rarefied Gas Dynamics: Physical Phenomena, 
Muntz,E.P., Weaver, D.P., and Campbell, D.H., Eds. 
Vol. 11 7 of Progress in Astronautics and Aeronautics, 

55 A1AA, Washington D.C., has discussed the afore- 
mentioned phenomenon of preferential particle fo- 
cusing in great detail. As an example. Figure 2, page 
252, of the aforementioned article by Fernandez de 
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la Mora, et al, shows the trajectories of heavy partic- 
les seeded in a light gas when that particle-laden gas 
flows through a sharply converging nozzle. The par- 
ticles being the heavier phase, tend to concentrate 
along the nozzle axis downstreann of the nozzle. Par- 
ticles having sufficient inertia may even cross the 
nozzle axis at a common crossing point or focal point, 
the location of which depends on the flow rate, the 
nozzle geometry, the particle inertia, and to some ex- 
tent on the particle seeding position upstream of the 
nozzle. In the limit of large particle inertia, the location 
of the focal point is reasonably insensitive to flow and 
particle parameters, though a "geometric aberration" 
effect similar to that in optical systems may be ob- 
served for particles originating at substantially differ- 
ent locations upstream of the nozzle. Nevertheless, 
for a given nozzle operated over a wide range of flow 
conditions, a majority of the particle trajectories pass 
through the focal region whose area Is typically quite 
small (a few percent or more) in comparison to that of 
the nozzle exit. The focal region 26, is typically locat- 
ed within a few nozzle exit dimensions downstream 
from the opening or exit 15, and the particle phase 
may be enriched by a factor up to 1000 in this region. 

This phenomenon, where the particles are con- 
centrated by virtue of their inertia being greater than 
that of the carrier fluid has been strictly termed "ae- 
rodynamic focusing" in the technical literature. See 
for example, Fernandez de la Mora, et al., supra. 

Figure 2, is a schematic diagram of a preferred 
embodiment of the invention. In a typical application 
the inventive apparatus 25, is inserted between two 
fluid conduit sections 32 and 34, of a flow conduit car- 
rying the particle laden gas, and secured thereto by 
suitable mating or securing means 31 and 33. The flu- 
id conduit 32, is the inlet flow conduit, while fluid con- 
duit 34, is the outlet flow conduit. 

The opening or exit 15, is preferably round for 
sharp focusing of the contaminating orundesired par- 
ticles 13. The diameter of the opening 15, should be 
smaller than that of the inlet section of the nozzle 10, 
by a factor of at least 2. While the particles 13, ap- 
proaching the nozzle 10, may be distributed arbitrar- 
ily in the carrier gas 11, their passage through the 
nozzle 10, causes, under suitable conditions, all the 
particles 13, to converge and stream through the 
small focal region 26, located on the nozzle axis 27. 
By suitably varying the nozzle geometry parameters, 
e.g., the diameter of the nozzle opening or exit 15, in 
relation to that of the inlet, the focal region 26, may be 
located at varying distances from the nozzle exit or 
opening 15. The most appropriate design for the noz- 
zle 10, will of course depend upon the physical char- 
acteristics of the particles to be detected, the charac- 
teristics of the carrier fluid flow and the number of par- 
ticles to be detected, etc.. 

For most applications it has been found that the 
focal region 26, is typically 0.5 to 3 nozzle opening or 



exit diameters downstream from the opening or exit. 
This focal region 26, which has a smaller cross- 
sectional area in comparison to that of the nozzle exit 
or opening 15, is illuminated by a high intensity fo- 

5 cused light beam 22, having a narrowness compar- 
able to that of the particle stream in the focal region 
26. The intersection of the two foci (i.e. that of the light 
beam 22, and that of the particle stream 13) result in 
the detection and/or counting of the contaminating 

10 particles 13. Using this inventive apparatus it is esti- 
mated that a particle detection efficiency of close to 
100 percent is reached, which is very much higher 
than that which is currently possible in similar instru- 
ments not having the focusing nozzle. 

15 The narrow light beam 22, such as, a laser beam, 

is produced using a light source 18, preferably a laser 
diode, and suitable collimating optics 28, may be 
used to focus the light beam 22, into the focal region 
26. Part of the scattered light is collected by a light de- 

20 tector 19, preferably a solid-state photodetector, or 
photomultiplier tube, using the receiving optics 29. 
The incident light beam is terminated at a light stop 
24, which in forward scatter configuration is shown in 
Figure 2. This light stop 24, also prevents the incident 

25 beam 22, from reaching the detector 19, so that the 
detector 19, detects only the scattered light from the 
particles. The particles 11 and 13, passing through 
the inventive apparatus 25, is typically exhausted 
through the outlet flow conduit 34, using a pump. 

30 As can be clearly seen in Figures 1 and 2, the 

maximum concentration of the particles 13, that have 
to be counted is in the focal point region 26. There- 
fore, in order to obtain the count for the maximum con- 
centration the nozzle axis 27, and the optical axis 37, 

35 should intersect at a 90 degree angle so that the opt- 
ical beam focus optimally intersects the particle fo- 
cus. 

The dimensions of the opening 15, of the sharply 
converging nozzle 10, from where the fluid exits, is 
40 typically smaller than that of the conduit, yet large in 
comparison to the thickness of the focusing light 
beam 22. This allows the vacuum to be efficiently 
transmitted through the nozzle without undue Ores- 
triction. 

45 For most applications it is preferred that the de- 

tecting optics and the exiting fluid particles are con- 
tained within a housing 30. The housing 30, would 
also protect the focal region 26, from outside or ex- 
ternal influences, such as, movement in the sur- 

50 rounding air, light from an extraneous source, etc.. 

Another preferred embodiment of this inventive 
apparatus is shown in Figure 3. The inventive appa- 
ratus 35, is very similar to the inventive apparatus 25, 
except that thelight source 18, is aligned substantially 

55 coaxially with the nozzle 10. When the angle of inter- 
section 7, between the nozzle axis 27, and light beam 
axis 37, is small, a longer portion of the nozzle axis 
is illuminated. In the extreme case, the light beam 22, 
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may be coaxial with the nozzle 10. This embodiment 
is less sensitive to geometric aberration effects that 
may cause particles 1 3, that are exiting the nozzle 1 0, 
to cross the axis at slightly varying distances from the 
nozzle exit 15. As illustrated in Figure 3, the distance 
between the nozzle exit or opening 15, and the axis 
of light beam 37, could be varied. This could be done 
by, for example, mounting the nozzle 10, on a suitable 
moving means 39, such as, bearings, that allow the 
nozzle 10, to move in the axial direction or allows the 
optical housing 30, to move in the axial direction. Sim- 
ilarly, telescopic type arrangements could be used to 
move either the nozzle 10, or the optical system, or 
both, to obtain the desired results. 

Figure 4, is a schematic diagram illustrating an 
Industrial process utilizing this Invention. A process- 
ing apparatus 40, having a processing chamber 45, 
has a process fluid inlet 42, and a process fluid outlet 
44. As shown in Figure 4, the apparatus of this Inven- 
tion could be placed either at the fluid inlet area 42, 
or fluid outlet area 44, or both. In order to obtain an 
accurate count of the particles being introduced into 
the fluid stream as a result of the activities in the proc- 
essing chamber 45, it would be advisable to place the 
inventive detection system both at the fluid inlet sec- 
tion 42, and fluid outlet location 44. Again, care 
should be taken that the inventive particle detectors 
are placed sufficiently far from the processing cham- 
ber 45, so that these particle detectors do not have 
any adverse effect on the processes that are taking 
place inside the chamber 45. 

This invention also comprises an apparatus and 
method for high-efficiency, in-situ particle detection 
and/or separation. The invention allows for high- 
efficiency separation and/or measurement of partic- 
les, particularly particles that are gas-borne. Many in- 
dustrial applications have a need for such an inven- 
tion, such as, but not limited to, semiconductor Indus- 
try, pharmaceutical industries, environmental indus- 
try, etc. Perhaps the single largest field of use is in 
the semiconductor Industry wherein cleanliness in 
fabricating semiconductors is extremely Important, 
and this invention would not only allow for the meas- 
urement of particles but also the separation of desired 
or undesired particles. Similarly, in the pharmaceut- 
ical Industry, it Is a desire to separate particulates so 
that some of the drugs could be prepared in a partic- 
ulate form. In the environmental applications, sam- 
pling and concentration of dilute environmental aero- 
sols could be obtained for further analysis. Of course, 
there are many devices that are currently used for 
separating particles from a gas stream, such as fil- 
ters and impactors. These devices typically collect 
particles on the surface of flow obstructing elements. 
However, this invention provides not only the in-situ 
measurement of the flowing particles but also a very 
high-efficiency separation of the same particles. 

The invention utilizes a nozzle 10, aligned with a 



collector or means or probe 50, which is downstream 
of the nozzle 10, as shown in Figure 5. Typically, the 
flow through the nozzle 10, Is subsonic, and thus the 
flow exiting the nozzle 10, need not discharge intova- 

5 cuum. Under suitably chosen flow conditions, the 
nozzle 10, aerodynamically converges or focuses the 
particles 13, in the flow into a focal area or region 26, 
having a size smaller in comparison to the nozzle exit 
dimensions. The probe 50, used typically has an inlet 

10 that is substantially smaller than the exit dimension of 
the nozzle 1 0. The probe 50, Is preferably aligned with 
the nozzle axis and located so that it is close to or is 
overlapping the particle focal region 26. A small por- 
tion of the core gas flow exiting the nozzle 10, con- 

15 siderably enriched in particles due to focusing, is 
drawn or sampled through the probe 50, while the re- 
mainder, which is typically "clean" carrier gas 60, is 
exhausted along the outside walls of the probe 50. 
The flow through the probe 50, Is preferably Isoklnet- 

20 ic, i.e., the gas or particle velocities just within the 
probe inlet are matched with the flow velocities just 
upstream of the probe. Isokinetic sampling is gener- 
ally useful in reducing particle losses to the probe 
walls, which is typically not possible In the instru- 

25 ments of the prior art because of the large diameters 
of the collecting orifices, as they are usually larger 
then the nozzle exit. 

As shown in more detail in Figure 5 there is a col- 
lector or means or probe 50 for removing particles 1 3 

30 from the fluid flow. The removal means 50 is posi- 
tioned at or near focal region 26. In this manner, the 
fluid in the particle enriched region 23, of the fluid 
flow is removed by the removal means 50, while the 
fluid in the particle depleted region 21 of the fluid flow 

35 substantially bypasses the removal means 50, and 
exits as "clean" carrier gas 60. The proximity of the 
removal means 50, to the focal region 26, will deter- 
mine the extent to which the fluid in the enriched re- 
gion 23 of the fluid flow is removed. The closer the re- 

40 moval means 50 to the focal region 26, the more the 
fluid in the enriched region 23 of the fluid flow will be 
removed. The removal means 50 may be used in con- 
junction with light beam 22 and associated apparatus 
as shown in Figure 5 to count the particles prior to re- 

45 moval. Alternatively, the light beam 22 and associat- 
ed apparatus may be removed and the particles 
merely removed and then possibly counted later on. 
The removal apparatus 50 may comprise tube 56 into 
which the fluid in the enriched region 23 flows. Due 

50 to the fact that the tube 56 intersects the fluid flow at 
or near the focal region 26, the cross-sectional area 
(or diameter) of tube or pipe 50 is less then the cross- 
sectional area (or diameter) of nozzle opening or exit 
15. Pump 52 may be added if needed to remove the 

55 particulates. The tube 56 removes the particles 13 
from the fluid conduit for further handling via conduit 
54. At some point after exiting fluid conduit 34 by tube 
56, the particles may be counted if desired. Similarly, 
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the removed particulates could also be sent for fur- 
ther processing, such as, preparation of drugs in a 
particulate form or for removal of these particulates 
from a closed-loop system. 

Of course, this invention could also be used to ae- 
rodynamically focus and separate heavier particles 
from the lighter particles or for further separating the 
already separated particles or for preferential particle 
focusing and/or preferential particle separation. 

While it is generally advantageous to detect for- 
ward scattered light from the particles 13, the inven- 
tive apparatus is not limited to this configuration, and 
off-angle detection may be used as well. 

For some applications it may be advantageous to 
use a nozzle opening 15, that is rectangular. This 
would create a large aspect ratio for the opening 15, 
so that the suspended particles 13, would be fo- 
cussed when they flow through the rectangular slit, 
i.e., whose length is great compared to the width. In 
this case, the focal area 26, has a length in a direction 
transverse to the fluid flow, which is comparable to 
the slit length. The light beam 22, would thus illumin- 
ate particles along the entire length of its passage 
across the walls of the flow conduit. 

Yet another configuration for the nozzle 10, could 
be a variable exit area or opening 15, to extend the 
use of the inventive apparatus over a greater range 
of pressures and flow rates. For axisymmetric geo- 
metries the variable geometry may be achieved by 
substituting an iris diaphragm 17, such as those used 
in camera apertures, in place of the plates 14 and 16. 
For a rectangular geometry, a variable slit opening 
1 5, may be implemented using two coplanar plates 14 
and 16, that move in the opposite directions. 

This inventive apparatus can be operated under 
both subsonic and supersonic flow conditions. While 
particle focusing is observed in both subsonic and su- 
personic flows through such nozzles, it is generally 
advantageous to operate under subsonic conditions 
in most of the intended applications of this device. For 
a given pumping capacity, subsonic flows can be gen- 
erally driven with larger diameter nozzles, resulting in 
reasonably small pressure drops across the nozzle. 
For subsonic flow conditions, and for pressures rang- 
ing from 0. 1 torr to 1 0 torr, the nozzle can have an exit 
diameter, which for mostapplication is preferably larg- 
er than 3 mm, while the focused laser beam has a 
thickness of the order of preferably 1 mm or greater, 
for such applications. For supersonic flows, smaller 
nozzle dimensions may be necessary. 

While the present invention has been particularly 
described, in conjunction with a specific preferred 
embodiment, it is evident that many alternatives, 
modifications and variations will be apparent to those 
skilled in the art in light of the foregoing description. 
It is therefore contemplated that the appended claims 
will embrace any such alternatives, modifications 
and variations as falling within the true scope and 
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Claims 

5 

1. An apparatus for detecting particles flowing 
through a fluid conduit characterized in that it 
comprises, a nozzle having at least one focusing 
means for aerodynamically focusing said partic- 

10 les into a focal region, wherein the cross- 

sectional area of said focal region is substantially 
smaller than the cross-sectional area of said fo- 
cusing means, at least one means for illuminating 
said focal region with at least one narrow beam 

15 of light, and at least one means for detecting light 

scattered by said particles illuminated by said 
light beam. 

2. The apparatus of Claim 1, further comprising at 
20 least one means for removing at least a portion of 

said particles from said focal region and said fluid 
conduit, wherein said removal means is posi- 
tioned at or near said focal region. 

25 3. A method for detecting particles flowing through 
a fluid conduit comprising the steps of : 

(a) aerodynamically focusing particles to be 
detected with at least one focusing means into 
a focal region, wherein the cross-sectional 

30 area of said focal region is smaller than the 

cross-sectional area of said focusing means, 

(b) illuminating said focal region with at least 
one narrow beam of light, such that said light 
is scattered by said particles in said focal re- 
ds gion, and 

(c) detecting said light that is scattered by said 
particles which were illuminated by said light 
beam, and further including counting the 
number of particles in the focal region detect- 

40 ed during the step of detecting. 

4. The apparatus and method of Claims 1 or 3, 
wherein said focusing means is a sharply con- 
verging nozzle. 

45 

5. The apparatus and method of Claim 4, wherein 
said nozzle is substantially axisymmetric, or rec- 
tangular. 

50 6. The apparatus and method of Claim 4, wherein at 
least a portion of the cross-sectional area of said 
nozzle can be varied. 

7. The apparatus and method of Claim 4, wherein 
55 the fluid flow through said nozzle is subsonic. 

8. The apparatus and method of Claim 1 or 3, 
wherein said light beam intersects said focal re- 
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gion in a substantially transverse manner, or a co- 
axial nnanner. 

9. The apparatus and method of Claim 1 or 3, 
wherein said focusing means has means to vary 5 
the distance of said focal region from said focus- 
ing means. 

10. The apparatus and method of Claim 4, wherein 

the distance between said nozzle and said focal io 
region illuminated by said light beam is at least 
one-third of the width of said nozzle. 



cal region. 

21, The method of Claim 16, further comprising the 
step of counting said particles in said focal region 
using at least one particle counting means. 



11. The apparatus and method of Claim 1 or 3, hav- 
ing at least one means to move said focusing is 
means. 



12. The apparatus and method of Claim 1 or 3, 
wherein said particles to be detected are carried 

by at least one carrier fluid. 20 

13. The apparatus and method of Claim 12, wherein 
said at least one fluid is at least one gas. 

14. The apparatus and method of Claim 1 or 3, 25 
wherein said at least one beam of light is a laser 
light. 

15. The apparatus and method of Claim 1 or 3, 
wherein said at least one means of detecting said 30 
scattered light has at least one means to elec- 
tronically calculate said scattered light. 

16. The method of Claim 3, further comprising the 
step of removing at least a portion of said partic- 35 
les from said focal region and from said conduit 

by positioning a removal means at or near said fo- 
cal region. 

17. The apparatus and method of Claim 2 or 16, 40 
wherein said removal means is a tube. 



18. The apparatus of claim 1 characterized in that it 
used for separating particles flowing through a 
fluid conduit whereby it further comprises : at 45 
least one means for removing said focused par- 
ticles from said focal region and from said fluid 
conduit. 



19. The method of claim 3 characterized in that it is so 
used for separating particles flowing through a 
fluid conduit by 

(d) removing said separated particles from said 
focal region and from said fluid conduit, instead 
of performing step (b) and (c). 55 

20. The apparatus of Claim 2, further comprising at 
least one means to count said particles in said fo- 
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